INTRODUCTION
For the next generation of higher-efficiency concentrating solar power (CSP) plants, a supercritical CO2 (sCO2) power block [1, 2] operating at >700°C paired with chloride salt thermal storage [3] is envisaged to yield >50% electrical efficiency [4] . Since sCO2 and molten salt compatibility have not been extensively evaluated at 700°-800°C, a research project has collected data to construct a lifetime model for the 30-year CSP duty life. The sCO2 work is nearing completion and consisted of evaluating the laboratory performance of three commercial structural alloys at 700°-800°C. A similar effort is beginning in commercial chloride salts where initial work has been conducted using isothermal capsule testing at 600°-800°C and is proceeding to flowing testing.
SUPERCRITICAL CO2 COMPATIBILITY
The goal of this project was to determine if there are commercial structural alloys compatible with sCO2 at 700°-800°C. Experiments focused on three candidate structural alloys, 625, 740H and 282, with compositions shown in Table 1 . The experimental work is nearly complete, and the current focus is on using the information for additional modeling work. A summary is provided of the long-term experiments conducted at 750°C.
Procedure
Alloy coupons (~10 x 20 x 1.5mm) were polished to a 600-grit finish and ultrasonically cleaned in acetone and methanol prior to exposure in the various laboratory experiments at 750±2°C. For 10-h cycles, samples were hung from alumina rods with platinum wire and exposed in automated cyclic rigs [5] for 10 h in the hot zone followed by 10 min cooling in laboratory air to <30°C after being automatically pulled from the furnace. Exposures were conducted in flowing (~100 cc/min or ~0.1 cm/s) industrial grade (IG) CO2 (<50 ppm O2 and 18±16 ppm H2O) or dry O2. For the 500-h cycles at 1 atm IG CO2, the coupons were placed in an alumina boat in an alumina reaction tube with end caps. The specimens were heated in argon over 4 h to minimize oxidation of the sample prior to exposure to CO2, held for 500 h in IG CO2 and cooled in argon to room temperature. For the 500-h cycles at 30 MPa, the exposures were conducted in an autoclave fabricated from alloy 282 with details provided elsewhere [6, 7] . The fluid flow rate was ~2 ml/min and the specimens were slowly (~2°C/min) heated and cooled in sCO2. In all cases, specimens were weighed using a Mettler Toledo XP205 balance with an accuracy of ~±0.04 mg or 0.01 mg/cm 2 . After exposure, samples were copper plated before being sectioned and mounted for light microscopy. Specimens were etched using aqua regia to measure internal oxidation at ≥30 locations for each specimen using image analysis software. Figure 1 summarizes the mass change data using 500-h and 10-h cycles at 750°C. The mass gains in both experiments are similar with nearly parabolic behavior in all cases due to the formation of a protective Cr2O3 external oxide or scale and the alloys rank in the same order. The 740H and 282 specimens show higher mass gain due to the internal oxidation of Al and Ti (added for g´strengthening [8, 9] ), with 282 showing the highest mass gain due its higher Al and Ti contents, Table 1 . Examples are shown in Figure 2 for 7,500 h cumulative exposures in three different conditions. With low levels of Al and Ti, alloy 625 specimens showed lower mass gains. In fact, mass losses were observed in laboratory air and in 10-h cycles, which is attributed to the evaporation of Mo and not to the spallation of the Cr2O3 scale. Figure 1a shows that pressure (0.1 vs. 30 MPa) had very little effect on the reaction rate. Because of the negative effects of CO2 on 9%Cr steel oxidation and the associated internal carburization [10] , it was surprising that the reaction rates in CO2 and sCO2 were similar to those in laboratory air, suggesting no ingress of C into these Ni-based alloys. Figure 2 confirms that the reaction products were similar in air to those formed in sCO2 and in 10-h cycles in 0.1 MPa IG CO2. The 10-h cycles were conducted to better simulate the CSP duty cycle of thermal cycling each day. Short cycles were unrealistic in the sCO2 autoclave experiment because of the long heating and cooling a) b) times. Multiple specimens of each alloy were exposed in each condition in order to generate statistics and so that specimens could be removed periodically for characterization. Figure 3 shows measurements of the reaction products in the 500-h cycle experiments. Confirming the mass change results in Fig. 1a , the reaction products in the three environments were similar in Cr2O3 thickness and depth of internal oxidation. In addition, the oxide thickness and internal oxidation were greater for the alloy 282 specimens than the other alloy specimens, consistent with the higher mass gains. Prior work has shown that Ti alloy additions increase the scale thickness [11] . 160005-3
Results

Modeling
The modeling task was envisioned to model the damage due to internal carburization or scale spallation due to thermal cycling. A parabolic rate constant (kp) metric was established where materials with lower values were assumed to have a good chance of making the ~100,000 h, 30-year CSP lifetime goal. As shown in Figure 4a , the measured values were all below the metric, such that these three alloys are predicted to form extremely thin reaction products at 100,000 h. Figure 4b shows predictions by extrapolating the median oxide thicknesses formed at 750°C in sCO2 from Fig. 3a using parabolic kinetics. By comparisons, the 750°C rate constants from Fig. 4a are shown to yield similar oxide thickness values at 100,000 h. The next stage of the modeling will use this data set to explore the effect of oxide scale growth on the pressure drop in printed circuit heat exchangers as outlined recently [12] . a) b) 
MOLTEN SALT COMPATIBILITY
Thermal storage is an essential part of future CSP plants and current nitrate salts are limited to ≤600°C due to decomposition and corrosivity of the salt [13] . While other storage concepts have been proposed, one strategy for future, higher efficiency plants is to use a salt able to operate at higher temperatures, such as chloride and fluoride salts, with chloride salts being favored due to lower costs. However, numerous isothermal assessments have indicated that chloride salts can be extremely corrosive at ≥600°C [14, 15] . Based on how fluoride salts were evaluated for and deployed in the ORNL Molten Salt Reactor Experiment (1965) (1966) (1967) (1968) (1969) [16] , the current project is attempting to purify a commercial chloride salt and conduct the evaluations in sealed metal capsules to prevent the ingress of O/H2O impurities during the experiment.
Procedure
The established ORNL methodology for evaluating compatibility [17] [18] [19] [20] is to begin with testing in sealed capsules ~25mm diameter x 100 mm tall. To achieve a salt volume (cm 3 ) to specimen surface area (cm 2 ) ratio >10, small coupons (~6 x 12 x 1.5mm) of alloys 244, 600 and 230 (Table 1) were used and polished to a 120 or 600 grit finish. The commercial 20.1%K-12.9%Mg-1.6%-65%Cl salt contained impurities including Br, Fe, B, Mn and SO4 based on data from the manufacturer. The salt was purified using a two-step process: first the carnallite method mixing the salt with NH4Cl (2:1) followed by heating to 450°C for 2 h and 750°C for 1 h; the next step is sparging at 850°C (1) with CCl4 for 35-40 h, (2) with UHP Ar for 0.5h, (3) with Ar-4%H2 for 12-15 h and (4) with UHP Ar for 0.5 h. The purified salt was designated salt #1. A second salt was prepared by slow heating (2-5°C/min) to 600°C with a UHP N2 purge. After cooling, 1.7%Mg was added followed by slowly heating to 850°C and holding for 1 h. Capsules of low carbon arc cast (LCAC) Mo or Ni 200 were loaded with 48 g of salt #1 in an Ar-filled glove box with impurity levels ≤1 ppm O2 and H2O. The specimens were attached to one end using Mo or Ni wire and the capsules were welded shut using electron beam (in vacuum) or gas tungsten arc (in Ar-filled glove box). The capsule was then welded into a larger type 304 stainless steel (SS) capsule to provide secondary containment and prevent the primary capsule from oxidizing. The capsules were exposed in a box furnace in laboratory air. After the ~100 h isothermal exposure, the capsules were inverted to allow the salt to drain away from the specimen. After cooling, the capsules were opened in the same glove box. To be consistent with experimental procedures in the literature, a crucible test also was conducted using 170 g of the Mg-modified salt. In this case, three 12.8 x 25.6 x 1.6mm specimens of alloy 230 were held by a Ni-wire in a 250 ml Ni crucible with a Ni lid. To prevent impurity ingress, the crucible was placed in a SS "bag" and then inside a SS container that was bolted shut and slowly heated to 800°C in a box furnace and held for 100 h. For both experiments, the specimens were cleaned by using deionized water at 40°C. Before and after exposure, the specimens were weighed using the same procedure described in the previous section. The specimens were then sectioned and mounted in epoxy and polished for characterization using light microscopy and secondary electron microscopy (SEM) equipped with energy dispersive x-ray spectroscopy (EDS). Figure 5 summarizes the mass change results. In most cases, the specimens lost mass during the experiment. Despite the extensive cleaning process, Figure 1a shows that alloy 230 specimens lost 8-11 mg/cm 2 after 92 h in salt #1 at 800°C with each specimen in a separate Ni crucible. Rather than uniform dissolution that can be converted into a rate, this mass loss was associated with selective removal of Cr as shown in Fig. 6a . In Fig. 7a , the Cr depletion and associated Ni enrichment in alloy 230 is shown using SEM/EDS maps. The selective removal of Cr is expected based on thermodynamics as Cr chlorides are much more stable than Ni or W chlorides. However, Mg chlorides are even more stable and adding Mg to the salt is expected to inhibit the formation of Cr chlorides. A similar 100 h crucible experiment resulted in small mass gains, Fig. 5a . The mass gains were associated with the formation of a Ni~18%Mg layer on the specimen with only a 20-30 nm oxide layer as determined by x-ray photoelectron spectroscopy (XPS). Figure 6b shows that the Ni-Mg layer was >10 µm thick but note that the magnification is much higher than Fig. 6a and there was no evidence of Cr depletion as indicated by Figs. 6a and 7a .
Results
While the Mg addition was effective in preventing mass loss, other strategies may be employed to achieve similar results. Figure 5b shows that reducing the alloy Cr content reduced the mass loss for alloy 600 compared to 230 and resulted in a small mass gain for the alloy 244 specimen after 100 h at 800°C in salt #1 with no Mg addition. Figure  7b shows that the affected layer was ~20µm thick and the mass gain appeared to be a result of the formation of a Ni-Mo rich layer that was enriched in O and C as determined by XPS. Again, note the higher magnification in Fig. 7b and 7c compared to Fig. 7a . Reducing the alloy Cr content was the strategy used in the MSRE, resulting in the development of Hastelloy N (7%Cr-16%Mo) as the structural alloy [16] . Finally, Fig. 5c shows the effect of reducing the temperature in the capsule experiment with alloy 230 specimens and salt #1. As expected the mass loss dropped with exposure temperature in 100 h experiments. Figure 7c shows very limited void formation, <10 µm deep, in contrast to the 800°C specimen in Figure 7a . In the chloride salt literature, it is common to extrapolate isothermal results and report an annualized rate of attack (i.e. µm/yr). That is not done for two main reasons: first, an assumption must be made about the kinetics and an assumption of a linear extrapolation is not based on any mechanistic understanding or data. Second, the solute driven Cr dissolution reaction should be governed by:
where Ji is the flux of species i (e.g. Cr) into the liquid, k is a constant, C S i is the solubility limit of i in the liquid salt and Ci is the instantaneous concentration of i in the liquid [21] . Thus, as Cr dissolves into the liquid, the reaction should slow and stop as the liquid becomes saturated. Thus, the small mass change observed at 700°C could be due to a lower saturation level and cannot be interpreted as proof of compatibility. In the actual application with flowing salt in a thermal gradient, the solubility C S i changes with temperature, which can result in dissolution in the hot section and precipitation in cooler regions [17] . Another point to make about the results in Figs. 5b and 5c is that in cases where a Mo capsule was used, the mass losses were lower. This is believed to be due to the Ni capsule gettering Cr from the salt, thereby reducing Ci and slowing the salt saturation resulting in a higher Ji. Characterization is underway 
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to quantify the Cr uptake in the Ni capsule walls after exposure.
After completing these initial capsule experiments, the next phase of testing is to conduct thermal convection loop (TCL) experiments with flowing (~1-2 cm/s) commercial salt in a temperature gradient (e.g., 600°-700°C). The first TCL experiment using alloy 600 tubing and specimens is assembled with 2.3 kg of salt #1 and is expected to complete 1000 h of operation by October 2018. This experiment will yield more quantitative compatibility information in the commercial chloride salt. However, significant work is needed in flowing conditions to establish an optimal combination of alloy composition, temperature and salt purification or salt additives. While the Mg addition appears effective in inhibiting Cr loss in the isothermal crucible experiment, the details of using this strategy or other additives requires further investigation including the formation of the Ni-Mg reaction product ( Fig. 6b) and Mg efficacy in flowing salt above and below the Mg melting temperature of 650°C.
SUMMARY
These projects have demonstrated that there are potential materials solutions for the next generation of CSP plants with ≥50% efficiency and operation at ≥700°C with chloride salt thermal storage. For a sCO2 power block, high strength Ni-based alloys such as alloys 282 and 740H appear to be compatible with sCO2 including under daily thermal cycling conditions. Low reaction rates were measured in laboratory testing for up to 10,000-15,000 h at 750°C and additional predictive modeling using this data set is in progress. For a commercial K-Mg-Na chloride salt, initial capsule results suggest that combinations of purified or Mg-doped salt, low Cr alloys and temperature can result in promising mass change results with limited alloy reaction. However, flowing salt results in a temperature gradient are needed to confirm sufficient compatibility.
